Gastrulation in vertebrates is a highly dynamic process driven by convergent extension movements of internal mesodermal cells, under the regulatory activity of the Spemann-Mangold or gastrula organizer. In a large-scale screen for genes expressed in the organizer, we have isolated a novel gene, termed Xmc, an acronym for Xenopus marginal coil. Xmc encodes a protein containing two widely spaced evolutionarily non-conserved coiled coils. Xmc protein is found in vesicular aggregates in the cytoplasm and associated with the inner plasma membrane. We show that Xmc is expressed in a dynamic fashion around the blastoporal circumference, in mesodermal cells undergoing morphogenetic movements, in a pattern similar to FGF target genes. Likewise, Xmc expression can be induced by ectopic XeFGF signaling and the early mesodermal expression is dependent on FGF receptor-mediated signaling. Morpholino-mediated translational 'knock-down' of Xmc results in embryos that display a reduced elongation of the antero-posterior axis and in a pronounced inhibition of morphogenetic movements in embryos and dorsal marginal zone explants. Xmc loss-of-function does not interfere with mesoderm induction or maintenance per se. Our results suggest that Xmc is a novel FGF target gene that is required for morphogenetic movements during gastrulation in Xenopus. q
Introduction
The Spemann-Mangold or gastrula organizer is an evolutionarily conserved signaling center that controls pattern formation in the early embryo. Besides the well-studied non-cell autonomous inductive capacities, the gastrula organizer also controls aspects of the complex cellular movements and rearrangements that occur during early embryonic development (Harland and Gerhart, 1997; Nieto, 1999; Bouwmeester, 2001) . Gastrulation in Xenopus is a highly dynamic process. Co-ordinated cellular rearrangements occur in all three germ layers, and transform a fairly unpatterned, spherical zygote into a bilaterally symmetric embryo with recognizable anterior-posterior and dorsal-ventral axes. The elongation of the primary body axis along the antero-posterior axis is the result of net cell movement driven by 'convergent extension' (Keller et al., 1992) . Despite a wealth of descriptive analyses concerning the cellular behavior underlying convergent extension movements, relatively little is known about the molecular mechanisms that govern the patterning, timing and execution of these important cellular rearrangements.
Only recently signaling cascades have been identified, that regulate aspects of these complex cellular rearrangements. The non-canonical Wnt/Frizzled signaling pathway or 'planar polarity' pathway (Boutros and Mlodzik, 1999) has been implicated as an essential, instructive regulator of convergent extension behavior during gastrulation in Xenopus and in zebrafish Wallingford et al., 2000; Heisenberg et al., 2000) . In addition, the FGF signaling pathway has been shown to regulate gastrulation movements. Overexpression of a dominant negative FGF receptor in Xenopus embryos results in gross defects in gastrulation movements (Amaya et al., 1991) . However, the concomitant absence of mesoderm has made it difficult to assess whether FGFs have a direct role in the control of morphogenesis, in addition to their essential role in mesoderm induction and maintenance. Genetic evidence in mice corroborated a distinct role for the FGF pathway in the control of morphogenetic movements (Deng et al., 1994; Yamaguchi et al., 1994; Ciruna et al., 1997; Sun et al., 1999) . Amaya and co-workers have recently provided compelling evidence that FGFs do indeed have a distinct role in regulating convergent extension movements in Xenopus. They identified Xsprouty2 as a component of a noncanonical FGF signaling cascade, which modulates convergent extension movements without affecting mesodermal induction and/or maintenance (Nutt et al., 2001 ). This provides the first molecular dissection of distinct FGF signaling cascades involved in either mesoderm induction/ maintenance or convergence and extension movements.
In a large scale, systematic in situ hybridization screen for organizer-specific gene expression, we identified a gene with a novel, interesting expression profile. We named this gene Xenopus marginal coil (Xmc) because it is expressed in the marginal zone mesoderm, with elevated expression on the dorsal side and it contains two widely spaced coiled-coil domains. We find that FGF signaling regulates Xmc expression in the marginal zone mesoderm. Immunofluorescence analysis revealed that Xmc is localized in vesicles in the cytosol and associated with the inner membrane. Interference with Xmc function via morpholino-mediated translational 'knock-down' resulted in embryos with a marked 'kink' along the antero-posterior axis or in more severe cases in embryos with impaired gastrulation movements. Analysis of Xmc loss-of-function in dorsal marginal zone (DMZ) explants revealed a direct inhibition of morphogenetic movements without interference with mesodermal specification. This inhibition can be partially rescued by an Xmc construct which cannot be targeted by the morpholino oligo. Thus, Xmc constitutes a downstream FGF target that might have a distinct role in the regulation of gastrulation movements in Xenopus, independent of mesoderm induction/maintenance.
Results

Isolation and characterization of Xenopus marginal coil
To identify novel genes expressed in the SpemannMangold organizer, we screened a subtracted cDNA library enriched for genes differentially expressed in this signaling center by in situ hybridization. Out of 683 clones screened, 13% exhibited undetectable staining, 7% displayed ubiquitous expression and 74% showed other differential expression patterns. Half of these displayed prominent neural staining. The remaining 6% (n ¼ 41) of the clones exhibited differential staining in the organizer or its derivatives. In addition, to numerous know organizer genes (n ¼ 10), we identified five new genes that displayed differential expression in the organizer (Table 1, Klingbeil et al., 2001a,b) .
One of the novel genes differentially expressed in the organizer was named Xmc, an acronym for Xenopus marginal coil. A full-length Xmc cDNA, comprising of ,2.0 kb was isolated from a tailbud cDNA library. Xmc encodes a predicted protein of 515 amino acids, with a molecular weight of 56 kDa (Fig. 1) . Blast searches showed that Xmc is nearly identical to an uncharacterized cDNA (GenBank accession number AF212200), which appears to have an incorrectly assigned 3 0 -end. Xmc has no homology to any other vertebrate protein in the nr or EST database. Prosite and SMART motif predictions revealed the presence of two putative coiled-coil domains, one at the amino-terminus (amino acids and the other at the carboxy-terminus (amino acids 454-492) (Schultz et al., 2000) . A short amino acid stretch preceding the carboxyterminal coiled-coil domain was found by Prosite predictions only to have limited homology to the phosphatidylinositol phospholipase C (PIPLC) X domain (amino acids 338-389). This motif is important for the catalytic activity of eukaryotic PIPLCs. Thus, Xmc is a protein with a novel composition of domains.
Spatio-temporal expression pattern of Xmc during embryonic development
Xmc expression was analyzed by reverse transcriptasepolymerase chain reaction (RT-PCR) and whole mount in situ hybridization analysis. Xmc transcripts are first detectable at stages 9-10, after mid-blastula transition ( Fig. 2A) . At stage 10.5, Xmc is expressed throughout the marginal zone with elevated expression on the dorsal side of the embryo (Fig. 2B) . Transverse sections revealed that Xmc expression at this stage is confined to the superficial layer (Fig. 2C, red arrow) . Expression peaks during mid-gastrulation ( Fig. 2A) . Xmc transcripts are localized around the blastoporal circumference with elevated expression in two bilateral patches flanking the presumptive notochord (Fig.  2D ,E, asterisks). At the end of gastrulation, expression is maintained around the closing blastopore and is confined to an extended posterior territory of the embryo ( Fig. 2F) . At early neurula stage, Xmc expression is detectable in the posterior half of the embryo and weakly in two bilateral stripes at the anterior side (Fig. 2G ,H, dorsal and lateral view, respectively). Transverse sections revealed staining in internal presumptive mesenchymal cells and in lateral plate and somitic mesoderm (Fig. 2I,J) . Later on, expression remains confined to the posterior side with sustained expression in somitic mesoderm and transient expression in the branchial arches (Fig. 2K-N) .
The marginal zone expression of Xmc and its prominent posterior localization later on are reminiscent of the expression patterns of XFGF8 (Christen and Slack, 1997) and XeFGF (Isaacs et al., 1994) and of the FGF target genes, Xcad1, Xcad2 (Pillemer et al., 1998) and Xbra (Smith et al., 1991) . This prompted us to compare in detail, by whole mount in situ hybridization and transverse sections, the mid-gastrula expression of Xmc, Xcad2 and Xbra (Fig. 3) . All three genes are expressed throughout the marginal zone. Whereas Xbra is uniformly distributed in a narrow ring around the blastoporal circumference, Xcad2 expression appears slightly more diffuse and is largely confined to the ventral-lateral side of the marginal zone. In contrast, Xmc expression is stronger on the dorsal-lateral side and the marginal staining is far more diffuse, extending further toward the animal pole than the other two. The red arrows in Fig. 3 mark the animal limit of marginal zone expression. In summary, Xmc is expressed in the marginal zone mesoderm in a pattern that suggests it may be regulated by FGF.
FGF signaling is sufficient and required for Xmc expression
These observations prompted us to investigate whether FGF signaling might control the early mesodermal expression of Xmc. To test whether FGF signaling is sufficient to activate Xmc expression, we ectopically expressed XeFGF in one animal blastomere of two-cell stage albino embryos. Animal caps were explanted at stage 8, cultured until sibling embryos reached stage 11 and processed for whole mount in situ hybridization. Xmc expression was indeed activated by such an ectopic XeFGF source (Fig. 4A ). We noted that XeFGF-induced Xmc expression appeared more widespread than Xbra expression, a well-known XeFGF target gene. This observation is compatible with the more diffuse endogenous marginal zone expression suggesting that Xmc has a lower activation threshold than Xbra for XeFGF. To check for this possibility, we analyzed by RT-PCR the induction of Xmc and Xbra in animal caps in response to increasing doses of XeFGF. The activation pattern of both genes is very similar suggesting that Xmc and Xbra do not respond differently to XeFGF (Fig. 4B) .
To investigate whether endogenous FGF receptormediated signaling is required for Xmc expression, we inactivated the FGF signal transduction pathway by injecting the (Amaya et al., 1991) . The inhibition of FGF signaling abolished or significantly reduced marginal zone expression of Xmc at the early mid-gastrula stage (Fig. 4C) . However, at early neurula stages, Xmc transcripts were again detectable in ventrallateral territories, suggesting that alternative, additional factors, such as BMPs might regulate Xmc expression later on (Fig. 4C) . Thus, these results indicate that Xmc is a target of the FGF signal transduction pathway during early gastrulation in Xenopus.
Subcellular localization of Xmc
The molecular nature of Xmc was uninformative as to its possible biological function. To gain insights into the role of Xmc, we determined the subcellular distribution of Xmc by immunofluorescent visualization of a carboxy-terminally tagged Xmc-HA fusion protein. When overexpressed in animal cap explants, the Xmc-HA chimera was detected in a vesicular pattern in the cytoplasm (red arrowheads) and in scattered vesicles associated with the inner cell membrane (Fig. 5A-C, white arrows) . The subcellular localization of Xmc does not change in response to ectopic XeFGF signaling (data not shown). To delineate potential localization motifs, we next analyzed the subcellular distribution of two deletion constructs of Xmc (Fig. 1) . The deletion construct comprising the N-terminal coiled-coil domain only, Xmc.NH 2 , is quantitatively recruited to the plasma membrane without any vesicular aggregates (Fig. 5D-F) . We noted that cells expressing this chimeric construct tended to round up and subsequently dissociated at the early gastrula stage (Fig. 5F, inset) . The chimera containing the C-terminal coiled-coil domain and the preceding PIPLC X domain, Xmc.COOH, displayed a prominent, diffuse perinuclear staining. Thus, Xmc, a protein with two potential coiled-coil oligomerization domains, is localized in vesicles in the cytoplasm and associated with the inner plasma membrane.
Xmc loss-of-function results in gastrulation defects
To assess the biological function of Xmc directly, we performed gain-of-function and loss-of-function studies. Overexpression of Xmc mRNA, even at high doses of up to 1-2 ng, in a variety of ectopic locations resulted in no apparent morphological alterations (data not shown). Lossof-function experiments were performed employing morpholino oligonucleotides, which have been shown recently to be effective tools to inhibit translation of targeted mRNAs in Xenopus and in zebrafish (Heasman et al., 2000; Nasevicius and Ekker, 2000) . Xmc-morpholino oligonucleotides are efficient in suppressing translation of a microinjected, exogenous Xmc.GFP chimera (Fig. 6A-C , compare B and C). To specifically address the role of Xmc during gastrulation, where it is prominently expressed (Fig.  2D,E) , we injected Xmc morpholino oligos in two dorsal blastomeres of four-cell stage embryos. Microinjection of Xmc morpholinos resulted in three main categories of phenotypes, designated class I-III, depending on the severity of the morphological alterations. Class I embryos (60%, n ¼ 98) displayed a marked kink of the primary axis (Fig.  6E, A critical requirement when using morpholino oligos to target novel, uncharacterized mRNAs is to verify the specificity. To assess the specificity of the Xmc morpholinomediated phenotypic alterations, we generated an Xmc.rescue construct, which lacks the 5 0 -UTR, so that it cannot be targeted by the morpholino. Co-injection of Xmc.rescue mRNA (,1 ng), together with the morpholino resulted in a partial, but significant reduction of the frequencies of all three phenotypes. The frequency of class I embryos was reduced from 60 to 25% (n ¼ 175). Class II embryos, with the shortened trunk were reduced to 10% and class III embryos, displaying the open blastopore phenotype, only constituted 8% (Fig. 6 , see histogram for quantitation). These data indicate that the rescue construct is able to partially reverse the phenotypic effects. In particular, the class I and III phenotypes are significantly reduced in frequency, implying that the morpholino-mediated effect is due to loss of Xmc function. It is interesting to note that at early gastrula stages (10-10.5), dorsal lip formation was delayed (,1-2 h) in embryos injected with the morpholino with respect to control embryos. Furthermore, the blastopore lip had an irregular shape and later the size of the blastopore appeared enlarged (data not shown).
In summary, these results indicate that Xmc is essential for either the regulation of gastrulation movements or the process of mesoderm formation.
Xmc directly inhibits convergent extension movements
To investigate whether the observed gastrulation defects were a result of morpholino-injected embryos failing to undergo convergent extension movements, we conducted lineage tracing experiments. We co-injected the Xmc morpholino oligo together with a GFP tracer in one dorsal blastomere of four-cell stage embryos. In 89% of the embryos displaying a kinked axis (n ¼ 128), the kink was directed towards the injected site as revealed by GFP staining (Fig. 7A,B) , suggesting that Xmc loss-of-function affects convergent extension movements. Morpholino-injeted cells are not lost due to cytotoxicity.
Next we investigated the effect of Xmc loss-of-function on DMZ explants. Non-injected control explanted DMZs normally undergo stereotypical convergent extension movements, resulting in extensive elongation (Fig. 7C, 32/32) . Microinjection of the Xmc morpholino inhibited elongation movements; DMZ explants remained as spherical balls of cells (Fig. 7D, 27/30 ). Co-injection of the Xmc-morpholino with the Xmc.rescue construct restored convergent extension movements, resulting in elongated DMZ explants (Fig. 7E, 24/26 ).
To investigate whether Xmc loss-of-function caused a direct impairment of morphogenetic movements or indirectly affected cellular rearrangements due to the inhibition of mesoderm formation, we analyzed the expression of several mesodermal marker genes. The inhibition of DMZ elongation occurred without affecting the expression of the panmesodermal marker Xbra and of the dorsal-lateral mesodermal marker XmyoD (Fig. 7F,G) . To test whether Xmc loss-of-function would interfere with the maintenance of mesodermal cell fate, we monitored the expression of aactin, a marker characteristic of differentiated muscle, a somitic mesodermal derivative. a-Actin expression was also not altered in morpholino-injected DMZs. Taken together, these results suggest that Xmc has a direct role in the regulation of gastrulation movements, independent of mesodermal differentiation.
Discussion
Gastrulation in vertebrates is a dynamic process, during which several cellular events like cell fate specification, cell adhesivity, cell polarity and cell movement have to be coordinated. In a large-scale differential screen, aimed at identifying novel Spemann-Mangold organizer genes, we have identified a novel FGF inducible target gene, Xmc, whose function is required for morphogenetic movements in Xenopus. 
Xmc codes for a novel cytosolic coiled-coil protein
Xmc encodes a protein with a novel composition of domains. It contains two coiled-coil domains and a putative PIPLC X domain, preceding the carboxy-terminal coiled coil. Tagged versions of Xmc, overexpressed in animal caps, localize in large vesicles in the cytoplasm or smaller ones associated with the plasma membrane. This striking intracellular distribution was observed for GFP-and HAtagged chimeras and was irrespective of whether the protein was amino-or carboxy-terminally tagged. a-Helical coiled coils comprise one of the most abundant oligomerization motifs in proteins. Despite their relatively simple architecture, they constitute a versatile protein-folding motif that displays a variety of different, specialized functions (reviewed in Burkhard et al., 2001 ). Many nuclear proteins involved in transcriptional regulation contain coiled-coil dimerization domains, like Fos and Jun. Coiled-coil domains are also found in a large variety of cytoplasmic proteins, such as cytoskeletal proteins, like a-keratin and motor proteins that interact with the cytoskeleton, such as myosin, kinesin and dynein. In the majority of cases, coiled coils constitute the principal oligomerization motif and additional domains determine biological specificity. It is likely that the coiled-coil domains of Xmc act as oligomerization motifs. Assuming that the intracellular distribution of chimeric Xmc reflects the endogenous localization, we could speculate that Xmc might be involved in intracellular trafficking. In this respect, it is worth noting that we identified the kinesin-related motor protein, Eg5 (Houliston et al., 1994) as the most prominent Xmc interactor in a yeast twohybrid screening (data not shown). However, the physiological relevance of this observation awaits further analyses, as coiled-coil domains are known to engage in spurious dimerizations in vitro.
Xmc is a downstream target of the FGF signaling pathway
Xmc is expressed around the blastoporal circumference with elevated levels in two bilateral domains flanking the presumptive notochord. These cells are fated to give rise to somitic mesoderm. No strong expression is observed in the notochord. Expression of Xmc during gastrulation is dependent on FGF-receptor-mediated signal transduction. The pattern of expression is compatible with a role in regulating gastrulation movements. A crucial problem in unravelling the molecular basis of morphogenetic movements has been the difficulty to dissect the execution of these movements from the cell fate specification events. This is particularly true for FGF signaling because of the requirement of this pathway for mesoderm induction. Amaya and co-workers have recently presented compelling evidence that a noncanonical Sprouty-sensitive FGF signaling pathway controls aspects of convergent extension behavior (Nutt et al., 2001) . Overexpression of Xsprouty2 results in embryos with gastrulation defects, but with normal mesoderm specification and dorsal-ventral patterning (Nutt et al., 2001 ). This phenotype is very reminiscent of the Xmc loss-of-function phenotype (Fig. 6 ). Both genes are downstream target genes of FGF-receptor-mediated signaling during gastrulation. Xspr2 is likely to be a FGF target gene in a variety of embryonic contexts. Xmc expression is not co-localized with FGFs during later stages of embryonic development, indicating that Xmc may only be an FGF target gene during gastrulation.
Xmc function during Xenopus gastrulation
Morpholino-mediated 'knock-down' experiments revealed that Xmc is essential for gastrulation movements. However, the mechanism of Xmc action during gastrulation is unclear. One possibility is that Xmc regulates the adhesivity state of mesodermal cells. The modulation of cell-cell adhesion is of paramount importance during cellular rearrangements. Cells continuously have to adjust their adhesive strength in order to be able to move with respect to their neighbors. The quantitative membrane recruitment of the Nterminal coiled-coil domain of Xmc and the observed loss of cell adhesion in ectodermal cells in response to ectopic expression of Xmc.NH 2 (Fig. 5D-F) is compatible with a role in modulating cell adhesion. However, loss of cell adhesion has not been observed with overexpressed fulllength protein, which is not effectively recruited to the plasma membrane, neither in morpholino-injected embryos. Translocation of Xmc could be subject to post-translational modification. Spry has been shown to be associated with the inner surface of the cell membrane (Casci et al., 1999) . Contrary to Xsprouty2, which acts as an intracellular antagonist of FGF-dependent Ca 21 signaling, our loss-offunction studies suggest that Xmc has an agonistic role in the regulation of gastrulation movements. However, Xmc alone is not sufficient to promote gastrulation movements in animal cap or ventral marginal zone explants (data not shown). Xmc is unlikely to have a direct, generic role in the regulation of convergent extension movements since it is not expressed in notochordal cells, which undergo extensive convergent extension movements. The non-canonical Wnt/ planar polarity pathway has an instructive role in the regulation of convergent extension behavior. Wnt signaling can trigger a transient increase of intracellular Ca 21 by stimulating the phosphatidyl-inositol signaling pathway, presumably mediated by heterotrimeric G-proteins (Slusarski et al., 1997) . These observations suggest that intracellular Ca 21 levels, regulated by both FGF signaling and non-canonical Wnt signaling, are important for the regulation of convergent extension movements. Understanding the interplay between the FGF and Wnt signal transduction pathways and Xsprouty2 and Xmc will be crucial to unravel the co-ordination of convergent extension during gastrulation in Xenopus.
Experimental procedures
Construction and screening of the subtracted library
A subtracted cDNA library, enriched for zygotically activated organizer genes was generated using the PCR-Select cDNA Subtraction kit (Clontech). In brief, ,2 mg of poly(A) 1 mRNA was isolated from ,300 stages 10.5-11 DMZ explants (tester population, see Fig. 2D for the size of the DMZ explant) and ,10 mg poly(A) 1 mRNA from fertilized eggs (driver population). cDNA was synthesized from both populations and common cDNAs were subtracted in two consecutive rounds, resulting in a ,10-fold enrichment of differentially expressed genes. The subtracted cDNA library was cloned into Topo PCR II (Invitrogen), a dual promoter (SP6 and T7) vector and subsequently plated. Individual colonies were picked and inserts were amplified by PCR using SP6 and T7 primers. The PCR amplicons served as templates to synthesize both SP6 and T7 DIG RNA probes (Roche DIG RNA Labeling Kit) for in situ hybridi- zation on whole and cut embryos (stages 10.5 and 13) using the Abimed InsituPro robot. Clones that rendered interesting patterns of expression were sequenced (Table 1) .
Embryo manipulations and microinjection
Microinjection, in situ hybridizations and RT-PCR were carried out as described (Bouwmeester et al., 1996) 
Morpholinos
Anti-Xmc morpholino oligonucleotides were purchased from Gene-Tools, LLC and solubilized in water at a concentration of ,15 pM. The morpholino comprised 25 nucleotides with the following sequence: 5 0 -TGCAGCCATTA-TGTATATGTAAAAA-3 0 . For microinjection, the morpholino oligo was diluted in sterile nuclease-free water and injected at a concentration between 4 and 10 ng per blastomere.
Plasmid constructs
A full-length Xmc cDNA was isolated from a Xenopus tailbud cDNA library by standard filter hybridization. For microinjection and for immunolocalization studies, the Xmc ORF was subcloned in frame into the EcoRI and XhoI sites of pCS2 1 and pCS2 1 -HA, respectively. The latter construct is a modified version of pCS2 1 , which contains a HA-tag inserted between the XhoI and XbaI sites. The Cterminal deletion of Xmc (Xmc.NH 2 , amino acids 1-210) as well as the N-terminal deletion of Xmc (Xmc.COOH, amino acids 301-515) were generated by PCR using the following primer pairs, respectively: 5 0 -GCTCGTGAATTCATGGC- 
Immunofluorescence
Immunofluorescence was done essentially as described in Klingbeil et al., 2001b . In brief, two-cell embryos were injected animally with ,800 pg mRNA coding for C-terminally HA-tagged Xmc or the Xmc deletion constructs. Animal caps were explanted at stages 9-10, fixed in 4% PFA/PBSw and incubated with anti-HA mouse monoclonal antibody (BabCO, 1:1000, O/N at 48C), followed by FITCconjugated donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc, 1:250, 1 h at RT). Cortical actin was visualized with rhodamin phalloidin (Molecular Probes). Image analysis was performed using a LEICA TCS NT laser-scanning confocal microscope.
